Wild type human tumor suppressor protein p53 (expressed in insect cells) binds strongly to negatively supercoiled (sc) plasmid DNA at a native superhelix density, as evidenced by electrophoretic retardation of scDNA in agarose gels and imaging by scanning force microscopy (SFM). The binding occurs both in the presence and absence of the p53 consensus sequence. At relatively low p53/DNA ratios, binding of p53 to scDNA results in the appearance of several retarded DNA bands on the gels, similar to a conventional topoisomer ladder generated enzymatically. However, after removal of p53 by deproteination, the original mobility of the scDNA is recovered, indicating that the reduction of torsional stress accompanying p53 binding does not re¯ect changes in linking number. In DNA samples partially relaxed by topoisomerase I p53 binds preferentially to the scDNA molecules with the largest negative superhelix density. SFM imaging of the p53/ scDNA complex reveals a partial or total relaxation of the compact scDNA, the degree of which increases with the number of bound p53 molecules. Competition assays with linear DNA reveal a preference of p53 for scDNA. In addition, scDNA induces dissociation of p53 from a preformed complex with a DNA fragment (474 bp) containing the consensus sequence. We conclude that the anity of p53 for negatively supercoiled DNA is greater than that for the consensus sequence in linear fragments. However, thermally denatured linearized plasmid DNA is ecient in competing for the binding of p53 to scDNA, although the ®rst retarded band (presumed to contain one bound p53 molecule) is retained in the case of the plasmid containing the consensus sequence. Thus, it appears that interactions involving both the core domain and the C-terminal domain regulate the binding of p53 to scDNA. The above results are not restricted to human p53; the wild type rat p53 protein also results in the retardation of scDNA on agarose gels. The biological implications of the novel DNA binding activities of p53 are discussed.
Introduction
The vertebrate p53 gene encodes a tumor suppressor protein important for the regulation of the cell cycle in response to genotoxic attack. The human 53 kDa phosphoprotein p53 is a transcription factor capable of inhibiting the growth of tumor cells and suppressing the transformation of cells by oncogenes, presumably by virtue of its cell-cycle checkpoint activity (reviewed in Ko and Prives, 1996; Anderson and Tegtmeyer, 1995; Cox and Lane, 1995; Deppert, 1994; Donehower and Bradley, 1993; Elledge and Lee, 1995; Soussi and May, 1996; Zambetti and Levine, 1993) . The tumor suppression activity of wild type p53 is of central importance (mutants are found in over 50% of human malignancies) and closely related to the DNA-binding properties of the protein. The p53 tetramer binds strongly to two copies of the DNA consensus sequence (p53CON) 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3' separated by 0 ± 13 base pairs (El-Deiry et al., 1992; Funk et al., 1992) . The sequence-speci®c binding as well as a newly described exonuclease activity of p53 (Mummenbrauer et al., 1996) require the central core domain (Bargonetti et al., 1993) . The 14 kDa C-terminal basic segment assembles stable tetramers, i.e. acts as an oligomerization motif, and is responsible for the nonspeci®c binding to single-and double-stranded DNA's (Bayle et al., 1995; Reed et al., 1995) . The central and N-terminal domains of p53 are necessary and sucient for transactivation and suppression of oncogenic transformation, whereas the C-terminal region appears to be dispensable for these functions. Most of the single missense point mutations of p53 occur in the highly conserved central region. Many lead to a reduced transactivation and DNA binding by p53, but some mutants express a high anity for MAR/ SAR DNA elements (nuclear matrix/scaold attachment regions), possibly accounting for their pleiotropic oncogenic phenotype (Mueller et al., 1996) . Clearly, the DNA binding properties of p53 merit intensive investigation.
Recently the central domain of p53 consisting of amino acids 94 ± 312 was cocrystalized with a 21-base pair DNA duplex including only one copy of the p53CON; the structure of this complex was solved and re®ned to 2.2 Ā resolution (Cho et al., 1994) . Studies based on DNA cyclization, gel band-shift assays, and analytical ultracentrifugation demonstrated that the minimal core domain (amino acid residues 96 ± 308) binds to the full DNA response elements, thereby inducing a substantial bend in the DNA (Balagurumoorthy et al., 1995) . By means of gel retardation assays and electron microscopy it has also been shown that p53 binds single-stranded DNA ends and catalyses DNA renaturation and strand transfer (Bakalkin et al., 1994) . The C-terminal domain of 75 amino acids is necessary and sucient for these activities (Reed et al., 1995) , and in addition displays an increased binding activity for DNA damaged by restriction endonucleases, DNase I, or ionizing radiation. p53 (and its Cterminal domain) recognize insertion/deletion mismatches in DNA consisting of three or more extra cytosines on one strand . These results imply that p53 recognizes subtle features re¯ecting local damage to the DNA double-helix or other local anomalies in the DNA structure which may include those stabilized by DNA supercoiling (PalecÏ ek, 1991) . In this study we employed agarose gel electrophoresis supplemented by scanning force microscopy (SFM) to examine the comparative binding of p53 to supercoiled and linear DNAs.
Results

p53 binding to linear DNA fragments with and without p53CON
Plasmid pPGM1 DNA was cleaved by PvuII (blunt end-forming restrictase) to produce a 474 bp fragment containing the p53CON and a 2513 bp fragment without this sequence. The shorter p53CON-containing fragment was separated and incubated with human p53 at various DNA/p53 ratios and analysed in PAGE. In agreement with previous studies of this type (reviewed in Soussi and May, 1996; Zambetti and Levine, 1993 ) the electrophoretic mobility shift analyses (EMSA) demonstrated the formation of a sequencespeci®c DNA-p53 complex (data not shown).
The retardation of DNA by bound p53 was also studied by EMSA in agarose gels more suitable for longer linear DNA molecules and supercoiled plasmid DNAs. pPGM1 DNA was cleaved by PvuII and the DNA fragments (474 bp and 2513 bp) were incubated with p53 protein (without fragment separation). As a result of this incubation at a p53/DNA ratio of 1 (Figure 1, lane 3) the intensity of the 474 bp band strongly decreased and a distinct retarded band designated as`R' (corresponding to about 1100 bp) was observed. In contrast, the mobility of the longer 2513 bp fragment (lacking p53CON) was unaected under these conditions. At higher p53/DNA ratios the band of the 474 fragment completely disappeared, while the intensity of band R increased; some retardation of the larger (2513 bp) fragment was observed (Figure 1, lanes 1 and 2) . Incubation of p53 under the same conditions with the control pBluescript II SK + DNA (448 bp and 2513 bp fragments, Figure 1 , lane 5) led neither to the formation of band R nor to retardation of the shorter fragment (Figure 1 , lanes 5 ± 8), in agreement with the assumption that band R represents the speci®c binding of p53 to p53CON. The longer fragment was also retarded at higher p53/DNA ratios ( Figure 1 , lanes 7 and 8) as in the case of pPGM1 (Figure 1, lanes 1 and 2) . Analogous results were obtained with fragments (139 bp, 335 bp and 2513 bp produced by pPGM1 cleavage with PvuII and XhoI (Figure 1, lane 9) . At p53/DNA of 2 band R appeared and the p53CON-containing 335 bp band was removed (Figure 1, lane 10) . The shorter 139 bp band remained unaected and the longest 2513 bp fragment displayed some retardation as in the above experiment.
Our results show high speci®city of p53 binding to p53CON in linear DNA fragments, in agreement with previous studies based on PAGE (reviewed in Soussi and May, 1996; Zambetti and Levine, 1993) . EMSA in agarose gels was also applied to longer DNA fragments than those used above (Figure 1 ). With very long DNA fragments containing p53CON such as 2506 bp (SspI) and full-size linearized pPGM1, a discrete band R did not appear and the DNA-p53 interaction was manifested only by a modest retardation of the original band (data not shown).
Binding of p53 to supercoiled DNAs
Incubation of p53 with scDNA resulted in dierent changes in the DNA electrophoretic mobility in agarose gels (Figure 2) . Complexes of p53 with scDNAs were formed under the conditions of Figure  1 . A new slightly retarded band appeared at a p53/sc pPGM1 ratio of 1 (Figure 2a , lane 4). Higher protein/ DNA ratios led to the formation of a series of discrete bands (resembling the topoisomer ladder produced by partial relaxation of scDNA by topoisomerase I) with a corresponding disappearance of the original scDNA band. To test whether the presence of p53CON was a requirement for recognition of scDNA we used sc pBluescript II SK + lacking the p53CON for p53 binding. In an experiment performed under the same conditions as for pPGM1 the incubation of p53 with sc pBluescript II SK + led to a similar ladder of retarded bands (Figure 2b ). In Figure 2a and b no change in the mobility of the small fraction of relaxed (probably nicked) DNA (band designated as oc) was induced by p53 at any concentration, indicating a preferential binding of p53 to the scDNA. Results similar to those Figure 1 Binding of human wild type p53 to DNA fragments of pPGM1 and pBluescript II SK + DNAs. pPGM1 was cleaved by PvuII into two fragments 474 bp and 2513 bp; the shorter one contains the consensus sequence (lane 4). The fragments were incubated with dierent amounts of p53 (lanes 1 ± 3). pBluescript II SK + was cleaved by the same enzyme producing two bands 2513 bp and 448 bp, both lacking the consensus sequence (lane 5). The fragments were incubated with increasing amounts of p53 (lanes 6 ± 8). The p53/DNA ratios are given below the ®gure. pPGM1 was cleaved by PvuII and XhoI into three fragments 139 bp, 335 bp (containing the consensus sequence) and 2513 bp (lane 9). These fragments were incubated with p53 at p53/DNA ratio of 2 (lane 10). 1% agarose gel of Figure 2a and b were obtained with other plasmids, including pBR322, pCo1IR215 and pA56. Thus, we conclude that the binding of p53 to scDNA does not require the presence or recognition of the known consensus sequence (El-Deiry et al., 1992) . Prolonged storage of human p53 protein at 7708C resulted in a loss of its ability to generate a ladder, producing instead more diuse, poorly resolved bands, or a single retarded species (data not shown). Rat p53 used about 3 months after puri®cation also produced retardation of scDNA (Figure 3b ) but without the well-resolved bands seen with fresh human p53.
Relaxation of scDNA by p53 protein does not involve changes in linking number
The p53 induced gel retardation of scDNA was presumed to re¯ect an apparent quantized relaxation of the DNA (see the results of visualisation of the DNA-p53 complexes by scanning force microscopy) which could be due to (i) a local process relieving torsional stress in the remainder of the molecule, i.e. without a change in the linking number Lk, and/or (ii) a topoisomerase activity of p53 inducing an increase in Lk. These possibilities were tested by deproteination with proteinase K (or with phenol/chloroform extraction) of the p53-sc pBluescript II SK + complex formed at a p53/DNA ratio of 5. The original electrophoretic mobility of the protein-free sc pBluescript II SK + was fully restored after proteolysis (Figure 3a) . The same results were obtained with complexes formed at dierent p53/DNA ratios between 1 to 3 (data not shown). These results indicate that p53 is devoid of topoisomerase strand passage activity, i.e. is unable to change the linking number of scDNA.
p53 binds preferentially to scDNA close to native superhelix density
We prepared a partially relaxed pPGM1 DNA sample by the action of topoisomerase I. Under the given conditions, this sample produced ®ve topoisomer bands in addition to a strong band of relaxed DNA and a weak band of scDNA as can be seen on the gel ( . Thus, we conclude that p53 binds preferentially to scDNA at the superhelix density close to the values observed in isolated plasmids, i.e. between 70.05 and 70.06 or somewhat less negative. A precise determination was not possible because our conditions allowed neither resolution nor identi®cation of all the topoisomers contained in the analysed DNA samples. A qualitatively similar dependence on the DNA superhelix density was observed previously for some local DNA structures such as cruciforms, triplexes, and left-handed helices (Palecek, 1991) . Thus, our results suggest that some local transient and/or permanent or supercoil-induced Scanning force microscopy of DNA-p53 complexes
We imaged the complex of p53 protein with sc pPGM1 by SFM using procedures developed in previous studies (Schaper and Jovin, 1996) . Figure 5a shows a typical pattern of sc pPGM1 spread on mica in the absence of protein. Only a small fraction (*10%, Table 1 ) of relaxed molecules (indicated by`r' in Figure  5a ) were visible on the surface, in agreement with the results of gel electrophoresis (Figure 2 ). They were easily identi®ed from their smooth open contour. In contrast the scDNA molecules exhibited a larger topological diversity, with the more condensed interwound regions appearing brighter in contrast due to height dierences relative to more relaxed DNA segments. The majority of the molecules in Figure 5a were partially condensed, re¯ecting the torsional stress in the sc pPGM1. The binding of p53 led to dramatic changes in the appearance of scDNA in the SFM images. The representative ®eld shown in Figure 5b corresponded to a p53/DNA ratio *2. The protein was perceived as round protrusions attached to the DNA (arrows), similar to those observed previously in the SFM analyses of globular proteins bound to DNA (e.g. avidin in Pfannschmidt et al., 1996) . Some SFM images showed more than one bound p53 per scDNA molecule (Figure 5b ) suggesting that the protein interacted not only at the sites of the p53CON but elsewhere as well. A more detailed study of the p53-DNA complexes by SFM is presented elsewhere (Schaper et al., 1997) . The most striking feature of the p53 binding process was the apparent removal of torsional stress (writhe), clearly visible in Figure 5b in which most of the interwound DNA evident in Figure  5a assumed a conformation corresponding to partially or fully relaxed molecules. A quantitative evaluation of the eect of p53 binding on the DNA topology is summarized in Table 1 . In the absence of protein *10% of the DNA appeared in a relaxed conformation, whereas at p53/DNA ratios of 1 and 2 the fraction increased to *40% and *90%, respectively.
Binding of p53 to scDNA competes with consensus sequence in DNA fragments
We investigated the extent to which p53 interactions with scDNA competed with binding to DNA fragments of pPGM1. Fragments from an EcoRI/ XmnI digest of pPGM1 (yielding a 1944 bp fragment and a 1043 bp fragment, containing the p53CON) were mixed with dierent amounts of sc pBluescript II SK + prior to p53 complex formation at a protein/DNA ratio of 3. With equal amounts of scDNA and pPGM1 fragments the retardation of the p53CON-containing band decreased signi®cantly (Figure 6a , lane 6), without any substantial in¯uence on the mobility of scDNA. At a one-fold excess of scDNA the retardation of the p53CON-containing fragment was greatly suppressed and disappeared entirely with a twofold excess of scDNA (Figure 6a , lanes 7 and 8, respectively). Similar results were obtained at constant scDNA concentration but increasing amounts of DNA fragments. Even a three-fold excess of DNA fragments In another competition assay we incubated pPGM1 fragments (EcoRI/XmnI digest) with p53 prior to the addition of various amounts of sc pPGM1. For 1.5-fold excess of scDNA with respect to the fragment concentration the retardation of the shorter fragment was completely abolished and the band of scDNA appeared retarded (Figure 6b , lane 2) though less than in the absence of the fragments (Figure 6b, lane 5) . A similar behaviour was observed at higher excess of scDNA (Figure 6b, lane 1) . Qualitatively the same results were obtained after incubation with various amounts of sc pBluescript II SK + (not shown). We conclude that addition of scDNA to a preformed p53 complex with DNA fragments containing p53CON can induce dissociation of the p53 protein from its consensus sequence. These and other results presented earlier suggest that under the conditions of our experiments the binding of p53 to scDNA dominates over the speci®c recognition of the p53CON sequence in linear molecules.
The strong binding of p53 to scDNA might conceivably re¯ect interactions of the protein with regions of single-stranded character in the topologically stressed DNA (Bakalkin et al., 1994; Reed et al., 1995) . We tested this possibility in a competition assay with denatured DNA. The binding of p53 to the scDNAs lacking (Bluescript II SK + ) or containing (pPGM1) p53CON was challenged by addition of increasing amounts of thermally denatured linearized DNA (Figure 7 ). In the absence of denatured DNA (ssDNA), four clearly demarcated retarded bands were observed at the p53/scDNA ratio of 3.5 (lanes 2, and 11); we denote them 1 ± 4 in order of increasing electrophoretic mobility. In the case of Bluescript II SK + DNA (Figure 7 , lanes 1 ± 6), increasing the ratio of ssDNA/scDNA from 0.1 to 0.4 by 0.1 increments led to the loss of bands 1, 2, 3 and 4, respectively, restoring the front-running sc band to its original position (relative to the reference relaxed species, oc). A dierent pattern of competition was seen with pPGM1 DNA (Figure 7 , lanes 7 ± 12). A ssDNA/ scDNA ratio of 0.1 led to the loss of bands 1 and 2, but band 3 was retained even at the highest levels of competing ssDNA, although band 4 apparently returned to the original position of the protein-free scDNA. Similar results were obtained with denatured Bluescript DNA (data not shown) instead of homologous denatured pPGM1 (Figure 7 , lanes 7 ± 12). We presume that band 3 contained a species with one p53 molecule, implying that p53 bound to its consensus sequence in scDNA is resistant to displacement by added ssDNA (see Discussion).
Discussion
In this study we show that wild type human p53 binds with great speci®city to p53CON in linear DNA fragments of dierent lengths (Figure 1 ) as detected by EMSA in agarose gels. The same protein binds strongly to supercoiled DNAs at a native superhelix density regardless of whether p53CON is present or absent. The most dramatic eect of p53 binding to scDNA is the global relaxation observed both by gel electrophoresis and SFM analysis. Deproteination restored the original topological state, indicating that the linking number of the negatively supercoiled DNA target was unaltered. That is, binding of p53 to scDNA leads to a local absorption of negative writhe which could arise from a toroidal winding of the DNA about the protein, as with the histone core of the nucleosome, stabilization by the protein of adjacent DNA toroidal coils, and/or from selective recognition of an unwound secondary structure or paranemic DNA (PalecÏ ek, 1991; Yagil, 1991) . Both circumstances would lead to a compensatory increase in writhe (removal of supercoils) or twist elsewhere in the closed circular DNA, an eect which would exhibit as a partial or total DNA relaxation. This point is discussed more extensively elsewhere (Schaper et al., 1997). We would note at this juncture, however, that for the same p53/scDNA ratio at which substantial relaxation of the plasmid DNA was observed by SFM, gel electrophoresis resolved three retarded bands, all with mobilities greater than that of fully relaxed (protein-free) DNA (Figure 2a , lane 5 and 2b, lane 4). It is dicult to provide an unambiguous rationale for this apparent discrepancy. However, one can cite numerous factors that contribute to the electrophoretic behavior of protein-DNA complexes on restrictive gel matrices: (1) charge, mass, and shape of the protein; (2) number and distribution of bound protein molecules; (3) topology at adjacent or adjoining binding sites, as previously observed in dnaA protein-dependent unwinding of superhelical plasmid DNA (Baker et al., 1986) ; (4) topological state of the intervening DNA; and (5) dynamic features of the various binding and structural transitions. Further investigation by protein analysis of blotted gels, multi-dimensional electrophoresis, combined with SFM in liquid under de®ned ionic conditions will serve to better de®ne the nature of the protein-retarded species.
To our knowledge the strong and preferential binding of p53 to scDNA has not been reported previously. Gobert et al. (1996) observed that p53 or the fusion protein GSTp53 stimulated topoisomerase I activity. They pointed out that p53 and topoisomerase I form molecular complexes in vitro and in vivo. In a control experiment they mixed scDNA with the GSTp53 fusion protein (produced in E. coli) but did not observe any change in the mobility of scDNA. Jayaraman and Prives (1995) formed a complex of p53 with scDNA and identi®ed the protein footprint in the p53CON-containing DNA segment. The formation of speci®c complexes was stimulated by single-stranded but not duplex DNAs.
In view of the binding to single-stranded DNA and catalysis of renaturation exhibited by p53 (Bakalkin et al., 1994), one logical candidate for preferential structural recognition would be unwound or denatured DNA. This conclusion is supported by the competition experiments with single-stranded DNA (Figure 7) . Homologous ssDNA was eective in blocking the formation of the slower species representing complexes with multiple bound p53 molecules. However, in the case of the plasmid DNA containing the consensus sequence (a single copy) the retarded band, presumed to contain one bound p53 per DNA molecule, was maintained. The implication of this result is that the C-terminal domain responsible for binding ssDNA is involved at least in some of the interactions of p53 with scDNA. In contrast, the complex formed at the p53 CON region appears to be dominated by interactions with the core domain of the protein and may be thus resistant to competition by ssDNA. Such a view would be fully compatible with the polymorphic and pleomorphic nature of p53 functions related to DNA. p53 might bind to unstructured segments initially and then actively or passively translocate to the known consensus sequences or to other sequences conferring the ultimate thermodynamic stabilization of the entire molecular complex. Our results suggest that p53 bound to its consensus sequence is not necessarily locked in place by speci®c interactions but is still coupled to a dynamic equilibrium yielding a redistribution of protein moieties in mixed populations of DNA fragments, relaxed and scDNA (Figure 6b) . A molecular mechanism based on the SFM analysis of p53 binding to scDNA is presented elsewhere (Schaper et al., 1997) .
We do not know as yet if p53 binding to scDNA requires speci®c sequence segments for conformationalspeci®c recognition. It appears most probable that the distinct preference of p53 for scDNA over linear fragments re¯ects the apparently greater anity of the protein for speci®c loci in molecules driven by negative supercoiling into a preferred conformation distinct from that of canonical B-DNA. Experiments in progress with monoclonal antibodies speci®c for the various regions as well as with truncated human p53 Competition between thermally denatured DNA and supercoiled DNAs of pBluescript II SK + (lanes 1 ± 6) and pPGM1 (lanes 7 ± 12) for the human wild type p53 protein. (a) Lanes 1 and 12: control scDNA; lanes 2 and 11: scDNA with p53 protein; lanes 3 ± 6, 7 ± 10: mixtures of scDNAs with p53 at dierent ratios of the competitor denatured (ss) DNA. The p53/DNA ratio was 3.5 and incubation was for 30 min on ice. Thermally denatured DNA was prepared by heating EcoRI linearized pBluescript II SK + (lanes 3 ± 6) or pPGM1 (lanes 7 ± 10) DNAs (16 mg DNA per ml in 2 mM TE, pH 7.8) at 1008C for 5 min, followed by quick cooling on ice. (b) Scheme of the band numbering (referring to lanes 1 and 2) may help to better elucidate the structural requirements for p53 binding to scDNA.
The ®nding that wild type human p53 binds strongly to supercoiled DNA has interesting cell biological implications. The half-life of wild type p53 in the cell is very short (usually less than 20 min) and appears to be connected to a ubiquitin-dependent proteolysis (Ciechanover, 1994) . Under certain conditions, including DNA damage, the wild type p53 is stabilized and transiently accumulates in the cell, eliciting G1 arrest via the induction of target genes involved in cell cycle control. The stabilisation of p53 is poorly understood and might be achieved by several mechanisms including protein phosphorylation, protein-protein, and protein-DNA interactions. Recently, it was shown that p53 in a complex with DNA is resistant to ubiquitindependent proteolysis in vitro (Hall and Milner, 1995) . According to the dual supercoiled-domain model for transcription, positive supercoils are formed downstream and negative supercoils upstream from the translocating RNA polymerase (Cook et al., 1994; Chen et al., 1994) . In this manner high local levels of negative supercoiling are created behind the transcription complex. Such segments of scDNA may be targets for wild type p53 binding, a reaction which may help to relax the DNA supercoils and conversely to stabilize the protein. Thus, one can speculate about a new feedback mechanism for coupling p53-induced transcription with p53 stabilisation in the cell.
Materials and methods
DNA
Supercoiled plasmid pPGM1 DNA (pBluescript II SK 7 contained 20-mer [AGACATGCCTAGACATGCCT] p53 consensus binding site (El-Deiry et al., 1992) cloned into the HindIII site) was prepared by hybridization of 100 ng of single oligonucleotides, ligation of the duplex oligonucleotides with 10 ng of HindIII-cleaved/calf intestinal phosphatase treated pBluescript II SK 7 (Stratagene), transformation into DH5alpha and selection for AMP resistant colonies. The single insertion of one p53 consensus site into pBluescript II SK 7 was con®rmed by DNA sequencing. Fragments from the same plasmids were generated with PvuII, SspI (two sites); ScaI, XmnI, XhoI, EcoRI (unique sites) or by using a mixture of these restriction enzymes. Partially relaxed DNA was obtained by incubating pPGM1 or pBluescript II SK + scDNAs with 1 ± 1.5 U of topoisomerase I (Promega) per 1 mg of DNA for 5 ± 30 min at 378C. After phenol/chloroform extraction of the protein, the DNA was recovered by ethanol precipitation, dissolved in 10 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, and stored at 7208C. For more details see legends to the Figures. Marker DNA was prepared by digesting pBR322 DNA with EcoRI, BamHI, PstI, BglI and their combinations. The conditions for denaturing DNA are given in Figure 7 .
Puri®cation of p53
Human p53 protein was expressed in insect cells (Sf9) infected with a recombinant baculovirus and isolated as described by Hupp et al. (1992) . Sf9 cells were lysed by addition of a buer containing 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% NP-40, 5 mM DTT, 1 mM PMSF and 0.15 M NaCl. After incubation on ice for 30 min, lysates were centrifuged at 14 000 r.p.m. (15 800 g) for 30 min at 48C. The supernatant fraction (*20 mg of protein) was diluted threefold with buer containing 15% glycerol, 25 mM HEPES-NaOH, pH 7.6, 0.1% Triton X-100, 5 mM DTT and 1 mM benzamidine and ®ltered using a 0.45 mm Millipore ®lter. The sample was injected onto a 5 ml Heparin-Sepharose Hi-Trap column from Pharmacia and eluted with KCl gradient (0 ± 1 M KCl, 20% glycerol, 25 mM HEPES,-NaOH, pH 7.6, 0.1% Triton, 5 mM DTT and 1 mM benzamidin. The p53 fractions at protein concentrations between about 400 ± 800 mg/ml were divided into 20 ± 50 ml aliquots and stored at 7708C. The purity of the p53 protein fractions was controlled using standard SDS polyacrylamide gel electrophoresis (SDS ± PAGE). Rat p53 protein was prepared in the same way.
Binding of p53 to supercoiled DNA DNA (usually 0.5 mg) and p53 were mixed at dierent ratios (the ratio p53/DNA was calculated from the concentrations of DNA molecules and p53 tetramers) in 20 ml of the DNA binding buer (5 mM Tris-HCl, pH 7.0, 1 mM EDTA, 50 mM KCl and 0.01% Triton X-100). The samples were incubated for 30 min at 08C and loaded on a 1% agarose gel containing 0.33 Trisborate-EDTA buer, pH 8.0, or used for SFM. Agarose electrophoresis was performed for 4 h at 100 V (usually 4 V/cm) at low temperature (5108C). The gels were stained with ethidium bromide and photographed. The photographs were scanned and processed digitally.
Binding of p53 to DNA fragments pPGM1 DNA was cleaved by PvuII to produce a 474 bp fragment containing the p53CON and 2513 bp fragment without this sequence. The shorter p53CON-containing fragment was separated from low-melting-temperature agarose gel according to Sambrook et al. (1989) and incubated at 08C for 30 min with human p53 in 5 mM Tris-HCl, pH 7.0, 50 mM KCl, 0.01% Triton X-100 at various p53/DNA ratios and loaded on a 5% polyacrylamide gel. Electrophoresis was performed for 5 h at 250 V (12 V/cm) at low temperature. The same fragments as well as other fragments obtained by cleavage of pPGM1 or pBluescript II SK + with other restriction endonucleases were used for agarose gel electrophoresis without separation.
Proteinase K
To deproteinize the p53-DNA complex 2 ml of buer containing 5% SDS, 50 mM EDTA and 1 mg of proteinase K was added to each sample. Samples were incubated for 30 min at 528C, cooled and applied to the agarose gel.
Scanning force microscopy
SFM measurements were performed with a NanoScope III-multi mode SPM (Digital Instruments, Santa Barbara, CA) equipped with a J-scanner with a 135 mm6135 mm (x, y)65.5 mm (z) scan range. The SFM was operated in the isoforce mode for measurements of the topography. Surface pro®ling was in the tapping mode under ambient conditions (18 ± 278C, relative humidity 15 ± 40%). The tip load was minimized by adjusting the damping amplitude to a minimum value. We used microfabricated conical shaped Si-tips (Ultralever, Park Scienti®c Instruments, Sunnyvale, CA) integrated into a triangular cantilever with a sensitivity (dF/dz) of *0.1 N/m and a resonance frequency of *140 kHz. The tip diameter was typically better than 10 nm. For SFM the complex was puri®ed with a one step spin column of Sephadex G-50 (super®ne) (Pharmacia, Freiburg, Germany). The microdrop spreading technique in the presence of nanomolar cetylpyridinium chloride was applied for the deposition of molecules on a glow discharged mica surface (for details of the spreading procedure see Schaper et al., (1994) ). Dierent dilutions of the complex solution were used in order to adjust the concentration to achieve a homogenous coverage of the mica surface by a monolayer of complex molecules. Samples were air-dried. Images were taken at a line scan frequency of about 4 Hz. The standard plane®t and¯attening correction (3rd order ®t) were applied to the data. The various images were combined and processed for presentation with the programs Photoshop (Adobe Systems) and Canvas (Deneba Systems) for the Apple Macintosh computer.
